This article deals with generation and application of three-dimensional (3D) atmospheric turbulence field in large aircraft real-time flight simulation. The modeling requirements for the turbulence field of large aircraft flight simulation are analyzed here. The spatial turbulence field is generated in the frequency domain by using the Monte Carlo method, and then transformed back to the time domain with the 3D inverse Fourier transform. The von Karman model is adopted for an accurate description of the turbulence field. The conjugate symmetry characteristics of the Fourier transform is used to ensure the real turbulent wind in the time domain. Given that the integral scale and intensity of turbulence varies with flight altitude, a nondimensional turbulence field is generated. An algorithm for calculating the turbulent wind gradients is presented. Taking account of the aircraft flying through the turbulence incessantly, a symmetrical extension method of the field is put forward. The correlation test shows that the generated turbulence field achieves a better performance in a cross-correlation test as compared to the traditional method, in the time domain. A simulation of a Boeing 747 aircraft flying in the turbulence field is conducted. Compared to the mass-point model, the algorithm based on spatial turbulence and a four-point model shows better stochastic characteristics during the flight through the field.
Introduction
As a chaotic motion added to constant wind in the atmosphere, turbulence is a kind of atmospheric disturbance that is frequently encountered during flights [1] , making aircraft submitted to buffeting. The turbulence affects the passengers' comfort and even impairs their safety. Moreover, it induces fatigue on the aircraft structure. In a flight simulator, a turbulence math model needs to be established in the flight simulation system. During real-time flight simulation, the effects of turbulent wind on the six degrees-of-freedom (6-DOF) motion of the aircraft must be simulated with high-fidelity [2] . Because of its complexity, the turbulence field is often modeled by an engineering method in flight simulation. The turbulence model is described with the help of a theory and a stochastic process. There are the *Corresponding author. Tel.: +86-25-84890755.
E-mail address: z.x.gao@nuaa.edu.cn doi: 10.1016/S1000-9361(08)60063-1 von Karman and Dryden models [3] . Since the 1950s, scholars had begun their theoretical and experimental research on turbulence. Two generation methods, Monte Carlo method and statistics discrete wind method were introduced [4] . In the 1980s, Chinese scholars generated the 1D and 2D turbulence fields characterized by anisotropic [5] [6] [7] . G. X. Hong, et al. [8] generated a 3D turbulence field based on spatial correlation function matrix. Complicated as it was, the generated field possessed homogeneity and isotropy. The real-time and correct generation of the turbulence field and relative wind parameters constituted the prerequisites of high-fidelity flight simulation. In the past, the aircraft was often assumed to be a mass-point and the turbulent wind was the input to the aircraft equation of motion:
where u W , v W , w W are the x, y, z direction vector of turbulent wind, respectively. When the scale of aircraft and wind field become comparable, this mass-point model appears too coarse. Many flight tests reveal that for large aircrafts, the wind vector varies over the fuselage and the wing [9] [10] . To address this problem, B. Etkin assumed the aircraft to be a 2D plane and presented a four-point model to calculate the effects of wind over the whole aircraft [1] . According to this model, the aircraft would be affected by four wind gradients:
as showm in Fig.1 . When it comes to the effects of atmospheric disturbance, the inputs will be
As a result, for large aircraft flight simulation, not only the spatial model of turbulence but also the wind gradients are needed.
The von Karman model is accepted by practical measurements of the turbulence, whose spectrum function has a roll-off rate of -5/3 in the high frequency section, whereas, the Dryden model has -2 [3] . Consequently, the von Karman model is preferable to simulate the aircraft's high-frequency response in the turbulence field, which contains the short-period mode and aero-elastic structural vibration.
It is believed that the turbulence intensity and integral scale vary a great deal with altitude [11] . It is also important that the intensity and integral scale change according to the flight altitude.
This article is aimed at the generation and application of the 3D turbulence field in a large aircraft flight simulation. The spatial von Karman turbulence field is generated in the frequency domain and then transformed back to the time domain. The conjugate symmetry characteristics of the Fourier transform are applied to achieve the real turbulence field in the time domain. Given the variable intensity and integral scale, a nondimensional turbulence model is developed during flight simulation, and the turbulent wind is dimensionalized. An effective wind gradient algorithm is presented according to the spatial model. A symmetric extension method of the turbulence field is brought forward. As a result, the spatial turbulence model can satisfy the requirements of the large aircraft flight simulation.
Formation of Spatial Turbulence Fields
The generated turbulence field is based on several assumptions, such as homogeneity, Gaussian distribution, and freezing field [3] . At present, the 1D turbulence field is usually generated by the Monte Carlo method, in which the Dryden model shaping filter is activated by the Gaussian white noise. The Dryden model statistics properties can be acquired at the output. Subsequently, a finite differential equation is applied for numerical simulation in the time domain. The shaping filter is acquired by factorization of the spectrum function. An anisotropic result will be obtained when this method is applied to the 2D or 3D turbulence simulation [8] . Because of the difficulty in using the rational function of the shaping filter, this method cannot be used to generate the von Karman model turbulence.
If the turbulence field is generated in the frequency domain, the differential equation inference in the time domain will be avoided [12] . In this article, the white noise is multiplied by a 3D shaping filter in the frequency domain. After that, the isotropic turbulence can be acquired in the time domain by 3D inverse Fourier transform (3D-IDFT). The rational factorization and differential equation inference are exemplified. In this way, the two models have the same complexity. The generation procedure of spatial turbulence is as shown in Fig.2 . A discrete spatial turbulence field is built up for numerical simulation, as shown in Fig.3 . In the frequency domain, the turbulence field is carved up by M 1 ×M 2 ×M 3 grid points. The sampling frequency in both domains is governed by the following relationships:
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where f si is the spatial sampling frequency in the time domain in the direction of r i , M i the spatial grid points in r i , f i the spatial interval in the frequency domain, and r i the spatial interval in the time domain in r i . 
3D Turbulence Field Generation Based on Time/Frequency Transformation

Nondimensionalization of power spectrum of von Karman model
The energy spectrum function of the von Karman model is [3] 
The 3D power spectrum function is
where f i is the spatial frequency which is subjected to
By inserting Eq. (9) into Eq.(10), the power spectrum of the von Karman model can be acquired, as follows Given that the turbulence intensity and integral scale varies with altitude, the spatial distance is first nondimensionalized: (12) where ŝ i f is the nondimensional spatial sampling frequency and ˆi r the nondimensional spatial distance,
The relationship between the nondimensional and dimensional spectrum functions is
As a result,
In the end, by combining Eq. (14) with Eq. (12) 
Generation of shaping filter
As shown in Fig.2 , the filter is activated by the Gaussian white noise series. Generally, the band-limited white noise has the power spectrum subject to 
When the filter H( f ) is activated by white noise, the output spectrum function will be
By combining Eq. (16) with Eq.(17), the filter's transfer function becomes
Here, the arbitrary phase angle is selected to be zero. Extending the relationship to 3D, then the bandlimited white noise is subjected to s1 s2 s3 s1 s2 s3 2 2 2 2 n s1 s2 s3 n 2 2 2
Consequently, the 3D filter function is as follows
Eq. (20) 
3D discrete inverse Fourier transform
After the three white noise series have completed multiplication with each power spectrum function in the frequency domain, an inverse Fourier transform is needed to transform the series back to the time domain.
The
The Fourier transform must be calculated based on a group of data whose length must be the times of two. Given that the turbulence field is real in the time domain, the numerical series in the frequency domain must be subjected to the conjugate symmetry [13] . For 1D transform, the central data must be real and the others must be conjugate symmetrical with respect to it. When it comes to 2D, the data in the plane must be central symmetrical about the central point except for 1D symmetry. In the 3D grid points, based on the symmetry of 1D and 2D, the data should be central symmetrical about the grid central point. Table 1 lists all the symmetries.
Table 1 Symmetry relationship in Fourier transform
No.
Symmetry Relationship
Dimensionalization of turbulence field
A nondimensional spatial turbulence field has been acquired according to Fig.2 . The spatial turbulence can be saved to atmospheric disturbance database before the real-time flight simulation. During simulation, the turbulence can be dimensionalized through Eq.(12), and consequently, be multiplied by the intensity according to flight altitude. Evidently, after dimensionalization, the grid distances in the time domain will change. If a wind field with equal spatial grids is desired, different sampling frequencies can be used in the three directions.
Calculation of wind gradients
As seen in Eqs. (2)- (5), four wind gradients must be provided to acquire the aircraft response based on the four-point model. The four-point model needs wind vectors on four specific points on the aircraft. Based on the generated turbulence field, there are two steps to achieve the wind gradients.
The first step is to locate the aircraft's mass center in the turbulence field. A 3D interpolation algorithm can be used to acquire
as well as the other three specific points denoted by A, B, and C (see Fig.4 ). Given that the wind field is generated in the earth frame, the wind gradients in this coordinate system can be calculated as follows The next step is to transform the turbulent wind and wind gradients from the earth frame to the body frame by
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After adding the turbulent wind and gradient parameters into the equation of motion and the aerodynamic model in the flight simulation, the disturbed aircraft motion can be simulated in real time.
Algorithm Test and Extension of Turbulence Field
Simulation results
This article has designed a model of 32 × 32 × 32 spatial grids. The sampling frequency in the time domain is s1 The result shows that all the turbulence values are real which proves the validity of the conjugate symmetry algorithm.
Correlation test of turbulence field
To test the validity of the generated turbulence field, a correlation test is adopted. 1D autocorrelation and 2D cross-correlation have been checked. For an isotropic 3D turbulence [3] : 
After performing a number of correlation tests, Fig.6 shows one group of the test results of one slice. From Fig.6 , it can be concluded that the generated turbulence accords to the correlation theory. On the other hand, when i j, the Batchlor correlation function is [3] 
A maximum value can be obtained if i j . In this article, the cross-correlation, which is R uv , R uw , R vw in the diagonal direction, is tested. The correlation tests show that the results are roughly the same as the theoretical values (see Fig.7 ). A conclusion can also be drawn from the test that the 2D cross-correlation is in line with the von Karman model. Fig.7 2D cross-correlation test. 
Comparison with method in time domain
The turbulence field based on the von Karman model can hardly be generated in the time domain because of the difficulty in rational factorization of the spectrum function. Based on the spectrum function of the Dryden model, the shaping filter is modified to compare the proposed method with the method in the time domain. Adopting the generation method presented in Ref. [3] , a turbulence field is generated with identical parameters and size. Many correlation tests reveal the following differences between the two methods.
From the above-cited figures, it can be found that the results of both the 1D correlation tests are reasonable. However, the 2D test results of the method in the time domain are unsatisfactory because the generated turbulence by this method is, in essence, anisotropic and 1D in essence. The spatial cross-correlation cannot be realized by this method.
Extension of turbulence field
During flight simulation, if the "aircraft" flies through the turbulence field incessantly, there would be a question of how to extend the generated field. A simple extension method was once put forward, in which the position of the "aircraft" in the earth frame would be reallocated as follows [12] 
By simply stacking the same copies of turbulence blocks, this method would ensure the continuity of the turbulence field when flying in the field arbitrarily. However, the correlation test results, after simple extension, could not satisfy the theory. For example, from Fig.10 , which shows the test results on a 96 × 96 × 96 field stacked by a twenty seven 32 × 32 × 32 field, in the joint plane, the correlation test results do not go in parallel with the theory. To overcome this drawback, a symmetrical extension method is presented. As far as the 2D turbulence field is concerned, in Fig.11(a) , it is assumed that quadrant I has the generated turbulence, in which the wind vector is W ( , ) i j V
. If the field needs to be extended, quadrant II can be extended by W
. The peripheral field can be extended in much the same way.
When it comes to the 3D turbulence field, as shown in Fig.11(b) , there are eight cases. It is assumed that quadrant I is the generated M 1 × M 2 × M 3 field with the wind vector W ( , , ) i j k V . The wind vectors on the other seven quadrants can be acquired in a similar manner as shown in Table 2 . 
With the symmetrical extension method, the 96 × 96 × 96 turbulence field shows better test results (see Fig.12 ). 
Simulation on an Aircraft Flying Through Turbulence Field
To test the validity of the suggested generation algorithm and compare the differences between the mass-point model and four-point model, a Boeing 747-100 aircraft math model was built up based on the aircraft's simulation data [14] [15] . The built up models of the aerodynamic, the engine, and the control system are submitted to preliminary check according to the handling quality data [16] . The dynamic model is set to be at an equilibrium state where the flight altitude is 10 000 ft (1 ft = 0.305 m) with the airspeed of 535 ft/s. It flies northward for 100 s and enters the turbulence field. Now let's study the aircraft's response to the spatial turbulence field without being controlled.
It is assumed that the turbulence field has a unity intensity and integral scale of 100 m in three directions, and the other parameters are the same as stated above. During the simulation, the generated 512 × 32 × 32 von Karman model turbulence field extends symmetrically. Fig.13 shows the twelve flight states.
In Fig.13 , the blue steady lines show the results without wind, the blue dotted ones those based on mass-point model and the red ones those of the four-point model. From the figure, it is concluded that although the simulation based on the mass-point model, leads to the state change, the aircraft response based on the four-point model shows a stronger stochastic procedure, with a better agreement with the stochastic characteristics of turbulence.
Conclusions
(1) The spatial turbulence field can be generated in the frequency domain with the Monte Carlo method, and then transformed back to the time domain thus avoiding the complicated alteration of differential equation. In the correlation tests, the algorithm has been proved to be effective and reasonable. Moreover, the turbulence field can be generated in advance and applied to real-time flight simulation with the spatial interpolation algorithm.
(2) Wind gradients can be easily inferred based on the spatial model. The four-point model can be used to simulate the wind effects on the 6-DOF aircraft motion with high-fidelity. Compared to mass-point model, the simulation results of this model show stronger stochastic characteristics.
(3) The intensity and integral scale varies with altitude because of nondimensional turbulence field generation. The turbulence field is dimensionalized during flight simulation with different intensities and integral scales. In this way, the turbulence phenomenon in medium and high altitudes can be precisely simulated.
(4) The symmetrical extension method can be applied to extend the generated field to a large-scale and continuous field, to meet the requirements in flight simulation. The extended turbulence field also accords to the correlation theory.
The fact that a perfect simulation of flight in the turbulence field proves rather difficult is worth noting, as adopting spatial turbulence fields and four-point models seems insufficient. Therefore, further detailed theoretical researches are urgently required. In addition, the pilots subjective tests are also anticipated. 
